). When normalized to the volume of the periviscavenging activity of catalase, glutathione peroxidase telline space, the region between the plasma membrane (Fahey et al., 1976) , and/or ovothiol (Turner et al., 1986 , and the fertilization envelope (FE) where active ovoper-1988). We tested this model by dialyzing compounds oxidase is present (Somers et al., 1989; LaFleur et al., from cytosol using 4 or 12 kDa permeability limits. More 1998), the final H 2 O 2 concentration between the two speactivity from these recombined fractions was achieved cies is equal: 60 Ϯ 17 nM H 2 O 2 per S. purpuratus and as larger molecules were dialyzed out, but full recovery 65 Ϯ 25 nM H 2 O 2 per L. variegatus zygote. Transformaof activity was not achieved until the 12 kDa dialyzed tion of the trace of S. purpuratus zygotes at 23ЊC to cytosol was boiled for 10 min ( Figure 1F ). These results 15ЊC (Foerder et al., 1978 ) yields a profile nearly identical suggest that an unknown, proteinaceous factor may be to that of L. variegatus ( Figure 1A, dashed output in the sea urchin zygote between the oxidase activity from fertilized zygotes measured in a population or individually with the IPD compared to A23187-activated eggs from both S. pur-( Figure 2B ). In contrast, even 10-fold higher than IC 50 puratus and L. variegatus ( Figure 1E ). Ionophore activaconcentrations of the phenolic compounds Apo and tion caused a near-linear accumulation of resorufin over the course of the experiment while the fertilization reAceto do not affect the rate of H 2 O 2 production. The sponse of the zygotes was biphasic (Supplemental variance observed at these high Apo and Aceto concen- Figure S1 at http://www.developmentalcell.com/cgi/ trations is likely a consequence of pleiotropic effects on content/full/7/6/801/DC1/). Our explanation of this kithe zygotes. netic difference is that ionophore acts instantaneously We next tested if these inhibitors affected the activity and uniformly over the egg whereas sperm initiates a associated with the isolated cell surface complex in a polarized wave of activation. Due to the additional pleiosimilar pattern. In both urchin species tested, DPI and tropic effects of calcium ionophore treatment on the Aceto, but not Apo, resulted in a dose-dependent inhibiegg, we chose to limit our analysis of H 2 O 2 production tion of cell surface complex activity ( Figure 2C to be a member of the dual oxidase family of transmemkDa protein predicted from the open reading frame. Consistent with the kinetic localizations, Udx1 is present brane proteins. Further comparison to available S. purpuratus genome sequence also identified select regions at the egg cell surface. Surprisingly, Udx1 protein is even more abundant in yolk-enriched fractions, consisof homology between the two species (Supplemental Figure S2) . The overall organization of the sea urchin tent with the granular staining in the oocytes, eggs, and zygotes ( Figures 3F-3N ) but not predicted quantitatively oxidase is identical to the other dual oxidases described (Lambeth, 2002) , with an N-terminal peroxidase domain by oxidase activity assays ( Figure 1F ). This oxidase activity in the yolk-enriched fraction implies that a pool of and a C-terminal reductase domain linked by a cytoplasmic bridge with two EF hands ( Figure 3A) , sugUdx1 may be kept inactive in eggs, perhaps through the same unidentified factors found in the cytosolic fracgesting that calcium may regulate these enzymes (Lewit-Bentley and Rety, 2000). We now refer to this tions above ( Figure 1F ). dual oxidase as "urchin dual oxidase 1" (Udx1), but it is also registered in GenBank as "duox1.urchin" to follow Udx1 Generates the Oxidative Burst Following Fertilization the current nomenclature (Lambeth, 2002) .
A single 6 kb Udx1 transcript ( Figure 3B) accumulates The cortical localization of Udx1 in the egg makes it a prime candidate to be the DPI-sensitive enzyme. To test specifically in developing oocytes ( Figure 3C ), supporting the hypothesis that the Udx1 protein is present this, we asked whether the polyclonal antibodies against the dual oxidase could inhibit H 2 O 2 synthesis in zygotes. in eggs. By a more sensitive multiplex-reverse transcriptase PCR amplification, we found the Udx1 mRNA
In vitro incubation of cell surface complex with antibodies inhibited H 2 O 2 synthesis when compared to equal is present in all stages of oocytes, eggs, and zygotes, whereas the cortical-granule-specific transcript SFE9 is concentrations of preimmune IgGs ( Figure 4B ). The greatest inhibition was observed from 100 g/ml of the present only in developing oocytes ( Figure 3D ; Wessel, 1995).
anti-NADPH antibodies; pairing antibodies to other domains with this concentration of anti-NADPH antibody We generated separate polyclonal antibodies against the peroxidase, cytoplasmic bridge, and cytoplasmic did not significantly improve the inhibitory phenotype. The 30% inhibition of H 2 O 2 synthesis achieved using NADPH binding carboxyl terminus domains of Udx1 to localize the protein. Immunoblot analysis identified a antibodies is only slightly better than with DPI. We extended these inhibition experiments in vivo by 185 kDa protein, and its proteolyzed fragments, from all egg fractions tested ( Figure 3E ), identical to the 185.7 injecting anti-NADPH domain antibodies into eggs and Inhibition of the Oxidative Burst Impairs In both species, we observed maximal activity between Fertilization Envelope Cross-Linking pH 6.7 and 6.9 ( Figure 5B) , 1989) .
for ovoperoxidase activity, we measured the impact of Figures 6C and 6E) . Retention of the FE in the presence of the phenolic compounds Apo and Aceto poration of the fluorochrome into the FE acts as a proxy to quantitate the relative number of dityrosine crossshow that Udx1 alone is responsible for H 2 O 2 production.
We supplement these functional tests with an analysis links formed, a measurement that can be used to extrapolate ovoperoxidase activity and, ultimately, net H 2 O 2 of the degree of protein cross-linking in the FE structural proteins following exposure to these inhibitors. Di-and utilization. Incorporation of the fluorochrome occurs within 20 min postinsemination, is specific to the FE toward the cell surface. A common second defense is cytoplasmic enrichment in ROS scavengers such as cy-( Figure 6D) , and is abolished when zygotes are exposed toplasmic catalase, glutathione, and glutathione peroxito DPI or 3-AT (Figure 6B) or an aqueous buffer) were made of the following inhibitors: diphenOxidative burst activity in individual zygotes was quantified by yleneiodonium (DPI), apocynin (Apo), acetosyringone (Aceto), rottlanalysis of traces generated for circular areas over each embryo.
erin, 3-amino-triazole (Sigma), staurosporine (Kamiya Biomedical 70 s before the 20% maximum amplitude measurement was arbiCo., Seattle, WA), or myristoylated PKC pseudosubstrate peptide trarily designated as the trace start time. All further "detected" data 20-28 (EMD Bioscience, San Diego, CA). Samples were preincuwere gathered based on the 20%, 50%, and 80% of maximum bated in 1ϫ solutions of each inhibitor for 10 min before assaying. amplitudes, and total photons were calculated by curve integration Experimental results using inhibitors are reported as percentage of (see Figure 1C) . Detected data were corrected for photon loss within solvent control (0 M). the objective and the detector using an optical (ϫ12) and calibration (ϫ33. 
Phylogenetic Analysis Antibody Functional Blocking Studies
Phylogeny of the dual oxidase and its closest enzymatic relatives Affinity-purified or preimmune antibodies equilibrated to CFAB (see was determined by aligning the translated open reading frames of above) were preincubated with cell surface complex for 30 min prior each candidate in MacVector (Accelrys, Burlington, MA). Extraneous to assaying in vitro effects. All other parameters were as above for residues in one sequence, consisting of less than 2% of the alignegg fraction kinetic assays. All antibody inhibition is reported as ments, were ignored during analysis in PAUP (Swofford, 2002). The percentage of preimmune control. most parsimonious relationship was obtained independently for the In vivo antibody studies tested affinity-purified anti-NADPH or peroxidase and reductase domains. Heuristic searches were perpreimmune antibodies (see above) equilibrated to 50 mM KCl by formed using the default TBR branch-swapping algorithm, and bootbuffer exchange. Fluorophore-conjugated Dextran (10,000 MW) was strap scores were calculated from over 500 reiterations to measure added to give a final concentration of 2 mM Dextran conjugate confidence levels for specific pairing. Sequences used for compariand 2.5 mg/ml antibody. Anti-NADPH injection solutions contained son are listed (Supplemental Figure S3) 
